Abstract. Fractured aquifers present a number of problems when attempting to characterize flow on the well scale (less than 100 m). Standard hydraulic testing methods are expensive because of the need for installation of monitoring wells. Geophysical methods may suffer from a lack of resolution and nonunique solutions to data interpretation. We used ground-penetrating radar (GPR) surveying during a pumping test in a well-characterized, fractured, carbonate aquifer to monitor the response of a permeable subhorizontal fracture plane. We observed radar signal amplitude and waveform variations along a fracture reflector and correlated the radar signal response to changes in the water saturation of the fracture. Combining hydraulic measurements with GPR data and electromagnetic modeling, we identified an asymmetric fracture drainage pattern, provided accurate spatial information about the saturation of the fracture, and detected the presence of hydraulic boundaries. This study demonstrates that GPR surveying can be used successfully for real-time monitoring of pumping tests in fractured carbonate aquifers.
away from the borehole. Thus the response may measure some network property, instead of that of a single fracture or zone [Geier et al., 1995] . Recent work in monitoring pumping tests in unconfined, clastic aquifers using GPR successfully identified the transition zone between the residually saturated portion of the aquifer and the water-saturated capillary fringe [Endres et al., 1997 [Endres et al., , 2000 ]. We are not aware of any previous monitoring of pumping tests in fractured aquifers using GPR.
In the investigation described in this paper, we acquired GPR reflection data during a pumping test in a fractured carbonate aquifer to determine if changes in fracture saturation could be observed remotely and in real time. We employed forward electromagnetic modeling of thin layers to investigate radar waveform changes produced by changes in fracture saturation. We correlated the modeled responses of thin layers to the GPR data and interpreted the fracture drainage pattern produced by the pumping test. Our results show that GPR surveying can overcome some of the limitations of conventional hydraulic testing of fractured aquifers. 
Site Description
. Site hydrogeology was characterized using a series of hydraulic tests, borehole logs, stratigraphic analysis of cores, outcrop studies, surface mapping of vertical fractures, and GPR surveys. These studies identified four major horizontal bedding plane fractures (fl at 1.35 m, f2 at 4.25 m, f3 at 6.4 m, and f4 at 12 m below surface), two dissolution zones (dl at 2.72 m and d2 at 7.45 m below surface), a diagenetic zone (zl at 3.35 m below surface), and an orthogonal set of subvertical fractures (N75øE and N25øW). Hydraulic conductivity data show a bimodal distribution ranging through 7 orders of magnitude, indicating high-conductivity fractures and lowconductivity rock matrix [Muldoon and Bradbury, 1996] . WGNHS studies showed that lithologies and horizontal stratigraphic discontinuities control both the aquifer storage capacity and the distribution of preferential flow paths. Preferential flow zones formed along bedding planes, diagenetic surfaces, and cycle sequence boundaries. These flow zones have been further enhanced by dissolution.
We selected the Bissen Quarry site for this study because (1) it is an important fractured aquifer for the region with a lowporosity, low-permeability matrix and hydraulically conductive discontinuities, (2) there is a large hydrogeologic database available from WGNHS studies, and (3) low-electricalconductivity geologic formations and low-electromagnetic ambient noise environments allow the acquisition of good quality, high resolution GPR data [Tsofiias and Sharp, 1998 ].
Methods
In order to test if GPR surveying could image real-time water saturation changes along flow paths, we collected radar data and measured hydraulic heads both before and during a pumping test. Modeling of radar and hydraulic data allowed us to integrate and interpret the information available from both data sources.
Data Collection and Processing
Two GPR surveys were conducted in this investigation. We acquired the first radar survey in August 1997, under undisturbed hydrologic conditions, as a pseudo-three-dimensional (3-D) data volume (closely spaced parallel two-dimensional (2-D) profiles) covering a 11 m x 10 m surface area on a 0.1-m-square grid. The second survey, collected in June 1998 during a pumping test, consisted of four 2-D reflection profiles acquired in a radial pattern centered about the pumping well (well 13) and a single profile south of the pumping well ( Figure  2 ). We acquired both GPR surveys using a Pulse EKKO 100 system (Sensors and Software, Inc., Mississauga, Ontario, Canada), with a 400-V transmitter, 200-MHz center frequency antennas, 0.1-m station (trace) spacing, 64 trace stacks, a 600-ns record length, and a 0.8-ns sampling interval. Transmitter-receiver antenna separation (offset) was 1. The pumping test had been planned to coincide with dry weather and the rental of commercial GPR equipment. However, intense overnight thunderstorms interrupted the pumping test and raised water levels to the highest ever observed for the site. The GPR survey was conducted the following day during a rain-free period, when the drawdown was at approximate steady state conditions and the survey area (exposed dolomite quarry floor) was free of ponded water. During GPR data acquisition we measured less than 0.01-m change in head levels, with an average change of 0.005 m, some of which is attributed to water level measurement errors.
Data Analysis and Modeling
In low-electrical-conductivity media, such as carbonates and freshwater, the amplitude of a radar reflection at a single planar interface is controlled by the electromagnetic velocity contrast (a function of dielectric constant contrast) across the interface, the angle of incidence, and the polarization of the wave field [Straton, 1941] . For a thin layer between two interfaces, such as a fracture or a dissolution-enhanced flow path, the reflection strength is also a function of layer thickness and signal frequency. We employed 2-D finite difference time domain electromagnetic modeling [Poot, 1998 ] to simulate the effects of water saturation changes in a horizontal thin layer (subresolution thickness) to GPR signal response. Model parameters simulated a horizontally stratified dolomite environment with appropriate electromagnetic wave velocity of propagation (v) and conductivity (or) for the field site and the same field data acquisition geometry (antenna offset and fracture depth). We from the pumping well, were used [Thiem, 1906; Fetter, 1994, p. 215]. We combined these models with head observations to determine (1) which horizontal fracture planes at the site were drained during the test and (2) the radius of fracture draining.
Results
First, the 2-D GPR pumping test survey was compared with the 3-D undisturbed water table survey for reflector similarities and differences. We then examined the predicted signal responses from forward EM modeling and used them to interpret the 2-D lines. Finally, we used the hydraulic-test analysis to determine the validity of the GPR interpretation. and air (1) . Also, the stretched waveform of the drained fracture is a result of the low-reflective interface compared to the saturated fracture interface. Although detailed review, modeling, and analysis of thin layer theory is beyond the scope of this study, we have demonstrated that subresolution thickness layer response can be correlated to physical properties and interpreted with confidence in GPR data. Such analyses are well suited to hydrologic studies because the large dielectric constant of water introduces detectable dielectric contrasts in geologic formations.
Hydrogeologic data supporting the GPR interpretation are not ideal, as expected for a fractured aquifer. In such aquifers, piezometers should ideally monitor isolated fractures or highpermeability zones to determine their response. However, in general, water level data support the interpretation from the GPR data. The pumping test data, not unexpectedly, do not yield a simple steady state response that is precisely correlated to the change in GPR amplitude. An alternative approach to provide support for the GPR interpretation would be to monitor fracture fl by installing several piezometers in fracture fl around the pumping well at varying orientations and distances. This would require installation of three or more additional piezometers if a priori knowledge about the draining radius of the fracture were available. We do not consider this method practical. The degree of hydrologic monitoring required to obtain the equivalent information that was obtained by noninvasive GPR techniques demonstrates the strength of this method. GPR is not proposed as a stand-alone tool for characterizing the hydraulic properties of fractures, but GPR data, combined with hydrological data, can yield insights not available from other methods. The ability to observe hydraulic boundaries and partially saturated conditions with a noninvasive technique are the major strengths of this method.
Conclusions
Ground-penetrating radar was successfully employed for three-dimensional, real-time monitoring of a pumping test in a fractured medium. Forward modeling of radar response to varying fracture saturation identified distinct differences in signal waveform between saturated and unsaturated conditions in fractures. GPR surveys taken before and during a pumping test recorded the signal expected for these conditions, and the GPR surveys are confirmed with head measurements in piezometers. In addition, GPR profiles provided information about hydrologic boundaries, despite adverse weather conditions that limited the usefulness of pumping test data. This study demonstrates that GPR surveying combined with hydraulic data can provide improved understanding of fractured formation fluid flow properties on the well scale.
